Abstract: In this study, two extracting methods (sonication and dispersing) and three solvents (90% acetone, N,N'-dimethylformamide and methanol) were compared for their ability to extract chlorophyll a of freshwater phytoplankton. Measurements were performed with both spectrophotometry and high-performance liquid chromatography. Results showed that (i) cell disruption is essential and that (ii) the method of cell disruption and solvent applied differed significantly. Dispersing in acetone surpassed all other combinations. Sonication in N,N'-dimethylformamide was found less effective. N,N'-dimethylformamide and methanol seem to promote the formation of degradation products (chlorophyllide a, allomer, epimer and phaeophytin a) which lead to overestimates of chlorophyll a of about 10% by means of spectrophotometry.
Introduction
The analysis of lipophilic algal photosynthetic pigments (chlorophylls and carotenoids) has great importance in both ecological and physiological studies of phytoplankton and microphytobentic communities. Chlorophyll a (Chl a) is extensively used as an indirect measure of overall algal biomass, whereas other lipophilic pigments like Chl b, c or carotenoids have been successfully applied as markers for specific taxonomic groups within algal communities (e.g. Gieskes & Kraay 1983 , 1986 Mantoura & Llewellyn 1983; Neveux 1988; Mackey et al. 1996; Veldhuis & Kraay 1990; Pepe 2001; Buchaca et al. 2005; Llewellyn et al. 2005; Wulff et al. 2005) . Suitable extraction procedures are one of the key steps in Chl analysis, and there is still a definite need for the standardisation of methods to allow comparison between studies: A literature search in the ISI current contents connect database using the search terms "pigment OR chlorophyll OR carotenoid AND phytoplankton" in nine international journals in 2005 (January to October) revealed 177 utilizable records (75% marine and 25% freshwater studies; Estuarine Coastal and Shelf Science; Freshwater Biology; Hydrobiologia; J. of Exp. Marine Biology and Ecology; J. of Phycology; J. of Plankton Research; Limnology and Oceanography; Marine Biology; Marine Ecology-Progress Series). In total, 15 different concentrations and six solvents were used, pigment quantification was done by measuring pigment extracts by means of fluorometry (35%) and spectrophotometry (35%), followed by HPLC (25%).
The high varieties of methods make comparisons and interpretations of studies sometimes quite difficult, especially if the methods are not explained comprehensibly.
The efficiency of plant pigment extraction generally depends on properties of the solvent, the duration of the extraction, and whether mechanical disruption is used or not. Conventional extraction methods involve mechanical cell disruption like grinding (Shoaf & Lium 1976; Jacobsen & Rai 1990; Gerloff-Elias et al. 2005) or sonication (Otsuki & Takamura 1988; Wright et al. 1997; Buchaca et al. 2005; Lionard et al. 2005 ) and/or incubation in various solvents (Wright et al. 1997) . Extraction efficiency in general may vary with cell concentration, Chl content, type of extracting solvent, extraction time and species of algae used (Rai 1980) . A perfect extraction procedure requires rapid and reproducible results (Strain et al. 1971; Zapata & Garrido 1991) ; it must bring all pigments into solution and it has to be simple to execute, resolve pigments to extremely low levels of detection, be innocuous, and cause no chemical change to the pigments (Jeffrey 1981) . Past investigations have not yielded a reliable basis for selecting methods, especially with respect to the difficult compromises that may have to be made (Marker 1980) . Our study should facilitate this decision especially for freshwater species with thick and tenacious cell walls.
The commonest solvent for chloropigment extraction is acetone (e.g. Abaychi & Riley 1979; Bidigare et al. 1985; Havskum et al. 2004; Buchaca et al. 2005) , although other solvents, mainly methanol (Marker 1972; Marker et al. 1980; Riemann 1980; Wright & Shearer 1984; Zapata et al. 1987; Wulff et al. 2005) , N,N'-dimethylformamide (DMF, Speziale et al. 1984; Fietz et al. 2005 ) and dimethylsulfoxide (Shoaf & Lium 1976; Burnison 1980; Sartory & Grobbelaar 1984) have also been employed. Results show, that the extracting reagents often have varying degrees of success (Wright et al. 1991) . There also seems to be significant variability in the amount of Chl extracted, depending upon the method of cell disruption (Jacobsen & Rai 1990) .
In this study, various types of cultured microalgae have been used for examination. For comparison, we prepared extracts by mechanical cell disruption (sonication and dispersing) in combination with three solvents (acetone, methanol and DMF). All samples were measured spectrophotometrically and by means of highperformance liquid chromatography (HPLC). In addition, a new dispersing method (Kinematica, Polytron PT 1600 E) was examined, which, to our knowledge, has not been much employed in algal pigment extraction. This method was preliminary used for DNA extraction in molecular analysis (De Nijs 1996) and in the medical sector (Norman et al. 1989) . The aim of the present study was (1) to evaluate this new extraction procedure for the analysis of chl, (2) to compare routinely used methods and solvents for effective pigment extraction for freshwater algae and (3) to find the best experimental conditions for their recovery.
Material and methods

Strain and sample preparation
In a preliminary test series, effects of cell disruption were checked. Cultures of Anabaena torulosa (ASW 01044), Fragilaria sp. (ASW 03018) and Scenedesmus armatus (ASW 05029) were adjusted to the same optical density at 550 nm by dilution with tap water and mixed in equal shares. Subsamples of the resulting algal suspensions were collected on filters, which then were folded and stored in a freezer at -20
• C for 24 h. For spectrophotometric Chl a determination in 90% acetone, 5 replicates of each of the following approaches were analyzed: (1) no homogenization, (2) homogenization with the Polytron system followed by an extraction time of 14 h, (3) homogenization by means of the ultrasonic probe followed by an extraction time of 14 h, (4) 2 + 3 combined followed by an extraction time of 14 h and (5) 2 + 3 combined followed by an extraction time of 0.5 h. Procedures followed the explanations below.
For the main test series, 18 strains of freshwater algae were cultivated under laboratory conditions (strain numbers of the Vienna Culture Collection are indicated in brackets): (1) Kusel-Fetzmann & Schagerl (1993) . Unialgal, non-axenic batch cultures were grown in Erlenmayer flasks containing 125 mL nutrient solution using a light : dark cycle of 14 : 10 h, light intensity was 120 µmol photons m −2 s −1 . The cells were harvested in the logarithmic growth phase and subsequently diluted with tap water to 5 L.
Subsamples of the resulting algal suspensions were then collected on 25 mm Whatman GF/C filters (gentle vacuum filtration). The filters were folded and stored in a freezer at -20
• C, storage time was 24 h. For pigment analysis, 24 replicates of each strain were filtered (see below).
Pigment extraction
Pigments were extracted by two methods: (1) dispersing with an ultrasonic probe (Branson Sonifier-450), and (2) homogenizing with a Polytron PT 1600 E dispersing system in one of the three solvents (acetone, methanol and DMF). For each strain, 12 frozen filters were used for sonication and 12 for homogenizing. For sonication, each filter was cut into small slices, placed in a centrifuge tube and filled with solvent. The samples were sonicated in an ice bath at level 5 to 6 (50-60 W) for 20 s, equipped with a 4 mm diameter probe, followed by centrifugation for 10 min at 2 500 rpm at 4
• C (Jouan MR 22). After centrifugation, the supernatant was immediately used for pigment quantification. For homogenizing with the Polytron System PT 1600 E, frozen filters were placed in tubes, solvent was added and mixed at 20 000 rpm for 15 s, until the filter was completely disrupted. The resultant mixture was stored in the dark at 4
• C for 14 h. After incubation, the extract was centrifuged and prepared as described above. All reagents and solvents used were HPLC-grade chemicals. All operations were conducted under dim light at room temperature.
Chromatography
The analytical HPLC separation was carried out on a HPLC system (Merck Hitachi), which consisted of an autosampler (AS-4000, thermostated at 10
• C), a gradient pump (L-6200), a RP-column (Merck Superspher 100 RP-8 Lichro-CART 250-4) and an UV/VIS -detector (L-4250). Immediately after dilution of 7 parts of extract with 3 parts of distilled water, 50 µL were injected. Solvents and analytical gradient protocol followed that of Wright et al. (1991) : we used a ternary gradient composed of solvent A = methanol : 0.5 m ammonium-acetate = 8 : 2; B = acetonitril : distilled water = 9 : 1, C = ethyl-acetate. Gradient protocol: 0 min: 100 % A, 5 min: Peaks were detected at 440 nm, pigments were identified by comparison of retention times, absorption spectra and co-chromatography with authentic standards obtained from the DHI Bioproducts company (Denmark). Absorption coefficients (440 nm) for degradation products were estimated according to their absorption properties (conversion factors from area to µg for chl a = 30.12, for phaeophytin a = 5.843 and for chlorophyllide a = 65.397 in the mobile phase).
Spectrophotometry
Chl a was determined by reading absorbances at 663 nm on a Hitachi UV/VIS spectrophotometer, Model U-2001. For calculation, published extinction coefficients for 90% acetone (11.41, Jeffrey & Humphrey 1975 ), methanol (12.51, Porra et al. 1989 ) and DMF were used (11.27, Porra et al. 1989) . . Following approaches were used: no homogenization (no homo), homogenization with the Polytron system followed by an extraction time of 14 h (disp 14h), ultrasonic homogenization followed by an extraction time of 14 h (soni 14h), combined disperging and extraction time of 14 h (comb 14h), combined disperging and extraction time of 0.5 h (comb 0.5h).
Statistics
For demonstration of significant methodological differences, variance analyses (ANOVA and GLM) were performed. Normal distribution of the data was proved with KolmogorovSmirnov tests, homogeneity of variances with Levene tests. Statistical analysis was performed with SPSS 11.5.
Results
Preliminary test series
Analyses without homogenization procedures definitely showed lower Chl a concentrations of around 50% compared to homogenized samples (Fig. 1) . Cell disruption by means of the Polytron systems yielded highest amounts, additional sonication did not improve the extraction efficiency. Taking into account these results, we focused on following assays: cell disruption in 90% acetone, DMF and methanol by means of the Polytron disperging system and an ultrasonicator.
Main test series
When comparing Chl a measurements obtained by means of HPLC and spectrophotometry and using different extraction solvents and homogenisation methods, a high correlation could be demonstrated (r = 0.979 for total Chl a). However, spectrophotometry gave Chl a values elevated by about 10%. When adding the derivatives to the values of pure Chl a obtained with HPLC, differences shrank to around 1% (Fig. 2) .
The extractability of Chl a in each of the treatments is summarized in Fig. 3 (HPLC values) . Because no certified reference material is available, we transformed absolute amounts for a comparison of the different strains as follows: (i) for each strain the mean was calculated. Then (ii) the individual values were each related to the mean and expressed as a percentage. The highest Chl a concentrations were obtained by dispersing in acetone, with an extraction efficiency of around 110%. Second highest were those found after dispersing in DMF and sonication in acetone. In general, sonication in DMF was clearly inferior to all other methods (Fig. 3) . The GLM analysis showed high significance for both extraction methods and solvents (p < 0.000).
Between methods and solvents negligible interaction effects of 3.4% were calculated (r 2 = 0.994). To demonstrate significant differences between the treatments, Student-Newman-Keuls (SNK) post hoc tests (ANOVA) were performed. Variability between extraction methods, which were found to be uniform in their efficiency, is ordered in Table 1 by groups. Thus each group differs in extraction efficiency. As seen in Table 1, dispersing in acetone has been confirmed the most efficient extraction, followed by dispersing in DMF. The differences from other treatments are significant. Potential loss of Chl a caused by pigment degradation was addressed in our study, too. For this comparison, HPLC data were used. Derivatives of Chl a (mainly chlide a, Chl a allomer and epimer) were found in all treatments. Fig. 4 shows the contribution of various derivatives products to total Chl a. The highest portions were found in DMF (10% in sonication), followed by methanol (around 7% both in dispersing and sonication). Acetone extracts showed fewer derivatives with only 5% in both dispersing and sonication. Phaeophytin a (percentages are not shown) was found only in traces.
Discussion
Our results clearly point out, that cell disruption is necessary for an effective extraction -at least for thickwalled freshwater algae (Fig. 1) , but only 27% of the papers included in the literature search alluded some kind of homogenisation. A couple of studies referred to the seawater analyses manual of Parsons et al. (1984) , in which spectrophotometric method without cell disruption is described for Chl a determination. However, in the notes of this analysis procedure, cell homogenization is recommended for phytoplankton difficult to extract. The citation of Parsons et al. (1984) without giving details of (no) homogenization is therefore an irreproducible description.
Compared to HPLC, spectrophotometry overestimated values by around 10%. Already Gieskes & Kraay (1982) mentioned that spectrophotometry does not accurately quantify Chl a concentrations in water samples. The same holds true for multipigment mixtures or extracts which contain high Chl amounts and more complex matrices of pigments (Millie et al. 1993) . Interferences were also documented at elevated Chl c concentrations, when Bacillariophyceae, Cryptophyceae or Synurophyceae become dominant (Frigaard et al. 1996) and at increased Chl b amounts (Lorenzen 1967; Gieskes & Kraay 1982; Trees et al. 1985) . Additionally, routine spectrophotometric methods are not able to distinguish between Chl-ide, phaeophorbide and Chl (Marker 1972) , therefore they generally overestimate pure Chl a concentrations (Rai 1980; Sartory 1985) . Reasons for these errors are the interferences because of their intersecting absorbance spectra. Despite this flaw, spectrophotometry still is the most widely used method for measuring Chl in aquatic systems (Nusch 1980; Otsuki & Takamura 1988; Pepe et al. 2001 ), because it is fast and simple.
In our study, significant differences in the amount of Chl a were found, depending upon the method of cell disruption and solvent used (p < 0.000). Highest Chl a concentrations were obtained by dispersing in acetone, and similar results showed dispersing in DMF. Sonication in DMF was inferior to all other treatments and yielded less Chl a. The other treatments for Chl extraction were similar in their efficiency. The conventional method for cell disruption has been grinding, performed with a motor-driven Teflon pestle (300 rpm), whereas the tested dispersing technique assures 20 000 rpm. Based on this speed, the cells are being disrupted very rapidly and efficiently, therefore cooling with ice was not necessary, providing that disruption does not take longer than 20 s. Dispersing generally was more efficient than sonication. In contrast to our examinations, some authors found the sonication method more effective than grinding (Wright & Shearer 1984; Simon & Helliwell 1998) , being superior both in yield and reproducibility. Wright & Shearer (1984) attributed the difference to the power of the sonicator used. According to our experiences, sonication sometimes causes outliers and yielded larger variances. To avoid overheating of the samples, cooling with ice is necessary, because Chl and carotenoids are easily degraded by heat (Braumann & Grimme 1979) .
Acetone was not only superior in Chl extraction, it also caused less artefacts than the other solvents. Derivatives of Chl a were found only up to 5% of measured Chl. Already Richards & Thompson (1952) found acetone an excellent extraction solvent, and grinding in acetone obtained better extraction than sonication did (Wright et al. 1997) . However, different results were found by Rai (1973) and Simon & Helliwell (1998) , who recommended the use of solvents other than acetone. DMF was less effective than acetone. Although we analysed highest amounts of derivatives in the DMF extract (10% both in sonication and dispersing), it was found by other authors to be an excellent solvent, especially from those algae that are resistant to extraction (Neveux 1988; Wright et al. 1997) . Our results are comparable to those of Wright et al. (1997) who detected around 10% Chl a derivatives in the sonication-DMF method. Methanol proved to be a poor extracting solvent, additionally causing the second highest concentrations of derivatives (around 7% in both treatments). Methanol has often been claimed to promote the allomerisation of Chl (Marker et al. 1980; Owens & Falkowski 1982; Mantoura & Llewellyn 1983 ). Cartaxana & Brotas (2003) , who compared pigment extraction methods of interdital mudflat algae, observed a low extraction efficiency of methanol, especially at long extraction times. Nevertheless, they preferred methanol to acetone, since acetone underestimated Chl c2.
According to our results, handling of the sonicator was more complicated than the other technique and this disadvantage was paired with lower extracting efficiency. The vibrations of the probe caused air bubbles and extensive production of foam and heat in the extract. Contrarily, with the dispersing system the cells were completely disrupted within seconds. A potential source of error can simply be avoided, if the cutter is rinsed and carefully checked for adherent material. We therefore recommend the combination of acetone and homogenization for pigment extraction of thick walled freshwater algae.
